Abstract NME proteins are reported to influence signal transduction activity of small GTPases from the Ras superfamily by diverse mechanisms in addition to their generic NDP kinase activity, which replenishes the cytoplasmic pool of GTP. Comprehensive evidence shows that NME proteins modulate the activity of Ras GTPases, in particular members of the Rho family, via binding to their major activators GEFs. Direct interaction between several NMEs and Ras GTPases were also indicated in vitro and in vivo. These modes of regulation are mainly independent of the NME's kinase activity. NMEs also modulate the Ras-mediated signal transduction by interfering with the formation of a Ras signaling complex at the plasma membrane. In several examples, NMEs were proposed to perform the role of GAP proteins by promoting hydrolysis of the bound GTP, but this activity still requires additional verification. Early suggestions that NMEs can activate small GTPases by direct phosphorylation of the bound GDP, or by high-rate loading of GTP onto a closely apposed GTPase, were largely dismissed. In this review article, we survey and put into perspective published examples of identified and hypothetical mechanisms of Ras signaling modulation by NME proteins. We also point out involvement of NMEs in the transcriptional regulation of components of Ras GTPases-mediated signal transduction pathways, and reciprocal regulation of NME function by small GTPases, particularly related to NME's binding to membranes.
Introduction
Small GTP-hydrolases (GTPases) from the Ras superfamily are omnipresent signaling proteins that play important roles in a wide range of vital cellular processes [1, 2] . Since small GTPases are active only in the GTP-bound form, their function depends on a steady supply of GTP. Small GTPases are activated by guanine nucleotide exchange factors (GEFs) that facilitate the release of GDP from inactivated, GDP-bound protein. The subsequent preferential binding of GTP to the nucleotide-binding site of a GTPase depends on a local overabundance of GTP relative to GDP [3] [4] [5] [6] . It is, therefore, reasonable to expect that proteins believed to be involved in the maintenance of a 10-fold surplus of intracellular GTP compared to GDP, such as nucleoside-diphosphate kinases from the NME family, would modulate the activity of small GTPases primarily through their nucleoside-diphosphate (NDP) kinase activity.
However, as we will outline in this short review, the interplay between NME proteins and small GTPases is far more complex.
Among 10 members of NME protein family in humans, those from the group I (NMEs 1-4) exhibit a significant NDP kinase activity and catalyze transfer of the γ-phosphate from nucleoside triphosphates (mainly ATP) to nucleoside diphosphates [7] . It was, therefore, postulated early on that the NDP kinase activity of NME proteins is pivotal in maintaining the proper balance between NTP and NDP species, including guanine nucleotides, in cellular nucleotide pools (Fig. 1a) [8] . In HeLa cells, however, the concentration of NTPs, including GTP, remained virtually unchanged upon inactivation of NME1 and NME2 by siRNA [9] , indicating that the influence of NME proteins on GTPase proteins does not have to be mediated by the regulation of bulk GTP concentration, or that the amounts of NME that are still expressed after the siRNA silencing are sufficient. Experimental evidence for alternative mechanisms, such as a focused loading of GTP by the substrate channeling mechanism or direct phosphorylation of the bound GDP [10, 11] was either retracted [12, 13] or critically challenged [14] [15] [16] .
As we will expound in the following, NME proteins appear to modulate the activity of Ras superfamily GTPases primarily through engaging in protein-protein interactions [17] . Rather than by fine-tuning the local GTP concentration, the GTPase activity is regulated more directly by GEFs and GAPs (GTPase-activating proteins). NMEs interact with specific upstream regulators, such as GEFs, and downstream regulators of Ras GTPases, and in this way modulate the GTPase signaling. We provide a concise overview of these interactions, and interactions of NME proteins with small GTPases themselves. Interestingly, most of these interactions ultimately lead to inhibition of the signal transduction pathways that involve Ras GTPase activity ( Table 1) .
Inhibition of Rho GEF activity by NME proteins
Small GTPases from the Rho family regulate a broad range of biological processes, including remodeling of the actin cytoskeleton, cell polarity and motility, endocytosis and vesicle trafficking, cell cycle progression, cell division, and tumorigenesis [18] . The best characterized representatives of the Rho family GTPases are RhoA, Rac1, and Cdc42. Rho family GTPases typically take part in signal transduction cascades by participating in multimolecular complexes that include their regulators, e.g., GEFs, and their effectors [19] . Prominent examples include: Cdc42, its GEF PIXα and its effector p21-activated kinase PAK1 [20] , Rac1, its GEF ArhGEF7, cytoskeletal protein coronin 1A, PAK1, and RhoGDIα [21] , and RhoA, its GEFs Net1 and p115RhoGEF, scaffold protein CNK1 and components of the JNK MAP kinase cascade [22] . Rac1-specific GEF Tiam1 is known to participate in several complexes regulated by Rac, e.g., with WAVE and IRSp53 [23] and the Par polarity complex [24] . Tiam1 is also localized in large multiprotein complexes that integrate Rac activation with regulatory pathways mediated by other small GTPases and plays a key role in the regulation of Rac activity at epithelial junctions [25] [26] [27] . NME proteins modulate the activity of Rho GTPases predominantly through binding to their GEFs, such as Tiam1, Dbl-1, and Lbc (Table 1 , GEF inhibition). Fig. 1 Proposed mechanisms for the modulation of small GTPase activity and signaling by NME proteins. a Production of GTP by generic NDP kinase activity of NME proteins. b Inhibition of RhoGEF activity by NME proteins. c GAP activity of NME proteins toward small GTPases. d Direct interaction of small GTPases with NME proteins. e Inhibition of signaling downstream of Ras by NME proteins. f Direct delivery of NME-generated GTP to small GTPases (channeling). g Direct phosphorylation of GTPasebound GDP by NME proteins (phosphorylation in situ). Symbols: NME-NME protein; D-GDP; T-GTP; G-small GTPase; P-phosphate; SEQsequestrating protein; EReffector of Ras; KSR-kinase suppressor of Ras Table 1 (continued) GTPase NME protein's effects
Evidence of an interaction/effect Refs ARL3 NME10 (RP2) acts as a GAP for ARL3 Crystal structure of the Arl3-GppNHp-NME10 complex shows that the NMEhomology domain of NME10 is not responsible for its GAP activity Interestingly, the modulation mechanism appears to be independent of the NDP kinase activity of NME proteins, and instead depends on direct protein-protein interactions between GEFs and NMEs (Fig. 1b) . Two-way co-immunoprecipitation experiments using transfected HEK293T cells and mouse brain extracts showed association between NME1 and Tiam1, a GEF specific for Rac1 [28] . The amino-terminal part of Tiam1, Tiam1(N392), was identified as the NME1-binding region and this interaction was independent of the NDP kinase activity of NME1. On the other hand, NME1 mutants lacking the Kpn loop, which is essential for NME oligomerization and modulates its histidine protein kinase activity, could not bind to Tiam1(N392), indicating that either of these activities is necessary for the interaction to occur in vivo. Overexpression of NME1 leads to a decreased level of activated Rac1, and this effect was demonstrated to be a consequence of the interaction between NME1 and Tiam1. Consistent with this negative regulation of Rac1 activity by NME1 is the phenotype of Rat1 fibroblasts expressing the GFP-NME1 construct, which showed reduced formation of membrane ruffles [28] . The suppression of Rac1 activity via binding of NME1 to Tiam1 and subsequent inhibition of its GEF activity was shown to be important for the regulation of cell migration in a study of glioblastoma invasiveness [29] . Also, it was hypothesized that the reduced level of GTP-bound Rac1 in MDCK cells expressing constitutively active form of ARF6 is a consequence of the ARF6-mediated recruitment of NME1 to adherens junctions where it deactivates Tiam1 [30] .
Small Rho GTPases are vastly outnumbered by their corresponding GEFs, which are thought to specify the location and timing of Rho activation in response to distinct upstream signals [5] . Multidomain protein Lbc, initially discovered as a proto-oncogene product from human lymphoma, was subsequently characterized as a RhoGEF [31] . A yeast two-hybrid screen and co-immunoprecipitation from COS cells identified NME2 as a specific and NDP kinase-independent binding partner of Lbc [32] . Considering the biological role of Lbc as an activator of RhoA, these authors examined the influence of NME2 on RhoA activation and showed that Lbc stimulates activation of RhoA, whereas this activation was diminished when NME2 was present. Also, expression of Lbc in NIH3T3 fibroblasts induced formation of stress fibers, while NME2 suppressed the Lbc-induced stress fibers formation. These data collectively indicate that NME2 is a negative regulator of the Lbc-stimulated RhoA signaling [32] . In an extension of this study, co-immunoprecipitation from COS cells suggested that NME2, Lbc, and ICAP1-α, a protein involved in integrin signaling and a putative guanine dissociation inhibitor (GDI) for Rho GTPases [33] , assemble in a tertiary complex in vivo [34] . However, only binary interactions between Lbc and ICAP1-α with the FLAG-tagged NME2 could be confirmed using the purified proteins. Small Rho GTPase Cdc42 regulates cytoskeletal organization and membrane trafficking in cell proliferation, motility, and polarity [35] . Again, multiple Cdc42-GEFs constitute building blocks of multiprotein complexes that confer specificity of Cdc42-mediated signaling in response to external stimuli [36] . Originally isolated from diffuse Bcell lymphoma, Dbl-1 is a prototypical member of the Dbl family of GEF proteins characterized by the presence of tandem Dbl homology (DH) and pleckstrin homology (PH) domains [37] . Dbl-1 was identified as an NME1-binding protein in a yeast two-hybrid screen [38] , and this interaction was confirmed by two-way co-immunoprecipitation of endogenously expressed proteins from B lymphoma cell lines and by pull-down assays in which PH domain of Dbl-1 was identified as the region necessary for the interaction [38, 39] . Since it was known that Dbl-1 acts as a GEF for human Cdc42, authors explored the influence of NME1 on Cdc42 activation. It was shown that the presence of NME1 reduces GTP loading of Cdc42 and this effect was not affected when kinase-deficient mutants of NME1 were tested. This result suggests that physical interaction, but not NDP and histidine kinase activity, is important for the suppression of Dbl-1 GEF activity. Another way in which NME1 might suppress the GEF activity of Dbl-1 is by abrogating its phosphorylation, since this modification of Dbl-1 is lost in the presence of NME1 [38] .
Functional tests showed that NME1 and Dbl-1 co-localize at the cell edge in HEK293T and COS-7 cells and that overexpression of Dbl-1 induces formation of membrane ruffles [38, 39] . The ruffling was reduced when NME1 was co-expressed with Dbl-1, indicating that NME1 downregulates Dbl-1, which in turn inhibits Dbl-1-stimulated Cdc42 activation in cellulo. Along similar lines, when expressed in breast cancer cell line MDA-MB435, NME1 reduced the ability of these cells to migrate, probably by engaging in an interaction with Dbl-1 and possibly other GEFs [39] . This phenotype could be rescued when Dbl-1 was overexpressed and prevailed over the inhibitory effect of NME1.
GAP activity of NME proteins
First evidence for the regulation of Ras family GTPases by NMEs was provided for Rad (Ras-associated with diabetes) [11] . Rad, together with REM, REM2, and GEM/Kir, belongs to the REM (Rad and Gem-related) or RGK (Rad/ Gem/Kir) subfamiliy of Ras GTPases [40] . They are characterized by substitutions of conserved amino acid residues inside the G-box and by the absence of prenylation motifs in their carboxy terminus [41] . Regardless, RGK proteins exhibit GTPase activity, but instead undergoing typical lipid modification, their C-terminal extension is responsible for the plasma membrane localization. Biological functions of RGK proteins encompass actin cytoskeletal remodeling via inhibition of Rho signaling, and inhibition of voltagedependent Ca 2+ channels by sequestering CaVβ subunit and thus interfering with CaVβ-CaVα1 association [42] .
NME1 was identified in a search for a protein that is responsible for a putative RadGAP activity in cytosolic extracts of rat liver cells (Fig. 1c) [11] . Using coimmunoprecipitation assay it was shown that NME1 interacts with Rad in vivo ( Table 1 , GAP activity). After demonstrating an increased conversion of radiolabeled GTP to GDP bound to Rad in the presence of NME1, the authors tested whether GTP hydrolysis occurs in situ. In order to prevent its dissociation from Rad, 8-azido-[γ-32 P]GTP was covalently linked to Rad by a short exposure to UV light and addition of NME1 led to a reduction of radiolabeled Rad-bound GTP. Decrease of radioactivity bound to Rad upon addition of NME1 was taken as a measure of its RadGAP activity. However, a prolonged exposure to UV light resulted in increased binding of radiolabeled GTP to Rad, but to a decreasing GTP hydrolysis upon addition of NME1. This effect was interpreted as a consequence of the UV light-induced protein denaturation. However, it was suggested that short exposures to UV light did not result in sufficient cross-linking of radiolabeled GTP to Rad [14] . Therefore, the detected GTP hydrolysis might have occurred by the NDP kinase activity of NME1 in solution.
Bacterial Ndk was identified as a protein responsible for the RasGAP activity in crude E. coli extracts, capable of inactivating several oncogenic forms of Ras that are most commonly detected in human cancers [43] . The same activity was then demonstrated for its mammalian orthologues, bovine Ndk and human NME1, which were also able to promote GTP hydrolysis on mutant forms of Ras. At the same time, Ndk could not increase GTPase activity of wildtype Ras, which is in agreement with previous observations that NME is not a RasGAP [11] . These results suggested that loss of NME proteins could increase tumorigenicity of Ras-driven tumors.
Another prokaryotic NDP kinase, Ndk from Mycobacterium tuberculosis, was identified as a protein that stimulates intrinsic GTP-hydrolysis activity of Rac1, RhoA, and Cdc42 in vitro, thus acting as a GAP for Rho GTPases [44] . Efficiency of GTP to GDP conversion was almost identical for all three GTPases. In a follow-up study, to further characterize the interaction between Ndk and Rho GTPases, RAW 264.7 macrophages were infected with bacteria or allowed to ingest Ndk-coated latex beads [45] . Analysis of macrophage lysates by two-way co-immunoprecipitation revealed an association of bacterial Ndk with Rac1, but not with RhoA and Cdc42. Rac1GAP activity of Ndk in macrophages infected with wild-type bacteria was indicated by a dramatically reduced level of Rac1-GTP, while this effect was not detectable in macrophages infected with M. tuberculosis strain with reduced Ndk expression. In terms of bacterial virulence mechanism, Ndk inhibits formation of phagocyte NADPH oxidase (NOX2) complex responsible for the production of ROS [46] . It was proposed that this inhibition is achieved via Ndk-mediated inactivation of Rac1, since Rac1 is one of the subunits of NOX2 complex and its activation is necessary for membrane recruitment of another NOX2 subunit, p67phox [45] .
Rab GTPases are known to regulate the intracellular transport of membranes and vesicle trafficking in plants and other organisms [47, 48] . Similar to NME proteins in mammals, NDPK isoforms in plants also perform diverse important roles [49] . NDPK2 from Arabidopsis thaliana was proposed to function as a GAP for small GTPases Pra2 (RabA3) and Pra3 (RabA4), which belong to the Rab family [50] . Active Rab5 and Rab7 play crucial roles in promoting the interaction of vesicles with lysosomes [51, 52] . It was shown that Ndk from M. tuberculosis induces GTPhydrolysis on active Rab5 and Rab7 in a cell-free biochemical assay [53] . It was proposed in this work that the GAP activity of Ndk, released from pathogenic mycobacteria within the phagosome, blocks the fusion of the phagosome with lysosomes and thereby protects bacteria from degradation. Interestingly, the D. melanogaster NME1/2 homolog Awd was shown to be required for Rab5 function in promoting maturation of early endosomes [54] .
Despite a number of reports that provide evidence for an NME GAP activity, in our opinion this activity still awaits the definitive confirmation. The filter-binding assays suffer from potential technical flows described in the case of Rad, whereas the functional consequences of NME-induced GEF inhibition might phenocopy the GAP activation. It is instructive to mention here an example where a member of the group II NMEs, which lack the NDP kinase activity, XRP2 (NME10), was identified as a GAP for the small G protein ARL3 (Arf-like 3) [55] . Crystal structure of the Arl3-GppNHp-NME10 complex was solved showing that the ARL3/NME10 interaction surface, which is responsible for the GAP activity of NME10, resides in the tubulinspecific chaperone C-homology domain of NME10 and not in its NME-homology domain, shared by all NME proteins. A similar mechanistic approach would be invaluable to vindicate the alleged untypically non-selective GAP activity of group I NMEs toward diverse small GTPases (Table 1 , GAP activity).
Direct interactions between NME proteins and small GTPases
A direct interaction between NME1 and the three prototypical members of the Rho family, Cdc42, Rho, and Rac1, was demonstrated using two-way pull-down assays with tagged proteins expressed in 293T cells ( Fig. 1d ; Table 1 , direct binding) [39] . An interaction between NME proteins and Cdc42 was also suggested in neuroblastoma [56] . These authors detected by a pull-down experiment that NME1 and Cdc42 can interact in SHEP-21N neuroblastoma cells. Nmyc amplification in these cells downregulates expression and activity of Cdc42 and inhibits Cdc42-induced differentiation. In cells with reduced N-myc expression, Cdc42-induced differentiation was re-established, but introduction of NME1 or NME2 again inhibited differentiation, indicating that the regulation of Cdc42 activity by N-myc is mediated by NME proteins. In another study, however, no direct association of NME1 with Rho family GTPases was detected in vitro [28] . Such conflicting results indicate the extreme caution needed to differentiate between the direct interaction of small GTPases with NME proteins and a binding mediated by a corresponding GEF-containing complex, as illustrated also in the next example.
ARF6, a member of the ARF family of small GTPases, interacts with NME1 and recruits it to cell-cell contacts thus promoting disassembly of adherens junctions in MCDK II cells [30] . Importantly, overexpression of an NDP kinasedead mutant of NME1, but not of the wild-type NME1, inhibited the disassembly of adherens junctions, suggesting a critical role for NME1 NDP kinase activity in this process. Consistent with this finding, it was established that the disassembly is driven by dynamin-dependent vesicle internalization, a process in which NME serves as a supplier of GTP [9] . Therefore, it appears that ARF6 serves as a vehicle that transports NME to the membrane at cell-cell adhesion sites and thereby facilitates dynamin-dependent endocytosis of E-cadherin. Another mechanism by which active ARF6 might further promote disassembly of adherens junctions is downregulation of active Rac1 by NME1-mediated sequestration of Tiam1 [28] . Indeed, the level of GTPbound Rac1 is reduced in MDCK cells expressing constitutively active form of ARF6, indicating that ARF6-mediated recruitment of NME1 to the membrane is important for the regulation of Rac1 activity [30] . It was also suggested that NME1 can act upstream of ARF6 in pancreatic beta cells, where knockdown of NME1 diminished the glucose-stimulated activation of ARF6 [57] .
It was shown that expression of an NME protein from the group II, Txl-2 (NME9), is increased in colon cancer [58] . The following analyses indicated that its most abundant isoform, Txl-2b, interacts with the small GTPase Ran and promotes its activity in tumor cell invasion [59] . This result is consistent with the previous finding that Ran is a downstream effector of the PI3K signaling pathway involved in invasion and metastasis of cancer cells [60] . Although the interaction between Ran and Tlx-2b was dependent on a motif from RanGEF RCC1, no direct demonstration of a putative Txl-2b GEF activity was provided.
Inhibition of signaling downstream of Ras
Besides regulating Ras family GTPases by means of a direct interaction, NME proteins are involved in the modulation of Ras-mediated signaling pathways via binding to downstream regulators of Ras activity ( Fig. 1e;  Table 1, downstream signaling inhibition) . Overexpression of RGS19, member of the regulators of G-protein signaling family (RGS proteins), in HEK293 cells suppresses Ras signaling via upregulation of NME1/2 and subsequent augmented phosphorylation of the kinase suppressor of Ras (KSR) at Ser392 [61] . KSR acts as a scaffold for Ras/Raf/MEK/ERK signaling pathway and is required for efficient signal propagation [62] . NME1 is one of the kinases responsible for the phosphorylation of KSR at Ser392, and this modification confers binding to 14-3-3 and cytoplasmic sequestration of KSR that efficiently precludes formation of the Ras signaling complex at the plasma membrane [63, 64] . In addition, it was demonstrated that NME1 overexpression in breast carcinoma cells stimulates binding of KSR to the chaperone protein Hsp90, which results in enhanced degradation of KSR and, consequently, attenuated ERK signaling [65] . Consistently, overexpression of NME2 inhibited the Rasmediated activation of the ERK pathway in NIH3T3 and HEK293 cells, probably by an analogous mechanism [66] . Interestingly, a related mechanism of NME-mediated modulation of Ras signaling was identified in C. elegans [67] . A single-group I NME homolog in this organism, NDK-1, also binds to KSR, but in contrast to results obtained in mammalian cell lines, this interaction enhances the Ras/MAPK signaling.
Substrate chanelling and transphosphorylation in situ hypotheses
A hypothesis was formulated early on that proposed a focused delivery of NME-generated NTPs directly to their site of action (Fig. 1f) [68] . Such process would resemble the substrate channeling mechanism in which an intermediate product is transferred between closely apposed active sites of enzymes that catalyze sequential reactions in several biosynthetic pathways [69] . It was recently shown that members of the group I NMEs interact directly with dynamin superfamily proteins and supply them with GTP, thereby supporting their function in membrane remodeling [9] . Dynamin GTPases are molecular motors that utilize hydrolysis of GTP as a fuel, and as such have a high intrinsic GTP-hydrolysis rate [70] . Together with their relatively low-binding affinity for GTP, dynamins' activity is poised to depend on a high local GTP concentration provided by NMEs.
In contrast to dynamins, Ras superfamily GTPases have low intrinsic GTP-hydrolysis rate and high-binding affinity for both GTP and GDP [40] . Further, Ras GTPases are signaling molecules and not molecular motors, and their activity is exerted in their GTP-bound state; GTP is used here as a co-factor and not as an energy fuel. It is therefore not surprising that NME proteins do not appear to regulate Ras GTPases by a direct, high-rate supply of GTP [14] . As an alternative mechanism of NDP kinase-mediated regulation of small GTPases, direct phosphorylation of GDP bound to inactive GTPase was proposed (Fig. 1g) [11, 28] . However, due to constitutive NDP transphosphorylation activity of NME proteins it is difficult to experimentally differentiate whether the GDP− transphosphorylation occurs in situ or takes place in solution after dissociation of GDP from the GTPase. For example, it was reported that NME1 can catalyze reloading of Rad, Gem, and Ras in situ by transphosphorylation of the bound GDP, thus mimicking function of a GEF (Table 1 , transphosphorylationin situ) [11] . However, this mechanism was disputed since both the phosphohistidine that serves as a phosphate donor of NDP kinases and the Ras-bound GDP are buried deep inside shielded regions of the respective proteins, making a direct interaction between the phosphate donor and acceptor unlikely [14, 15] . Also, the method used to prevent dissociation of GDP from Rad during the transphosphorylation assay was criticized to be prone to artifacts. Namely, the crosslinking of GDP to small GTPases by a prolonged exposure to UV light might have led to protein denaturation. Since group I NME proteins are able to phosphorylate denatured proteins [71] , it was suggested that the transfer of radioactive phosphate was not specific to GDP [14] .
Concluding remarks
Members of the NME family interact with numerous proteins that regulate Ras superfamily GTPases or mediate their signaling [17, 72] . Since NDP kinases are involved in the production of GTP, the major cofactor of Ras GTPases, it was hypothesized that group I NMEs would stimulate activity of small GTPases [73] . Contrary to these early expectations, it turned out that the majority of interactions inhibit Ras-mediated signal transduction pathways (Table 1 ). There are also examples in the literature where a single-protein pair was reported to engage in interactions that have opposite effects on the activity of the involved GTPase (NME1 and Rad) [11] , or where similar interactions result in opposite outcomes depending on the model organism (KSR in mammals vs. worms) [61, 67] .
A number of interdependencies between NME proteins and Rho GTPase activities was reported without providing evidence for underlying mechanisms. It was shown that glucose-induced association of active Rac1 with the membrane in pancreatic beta cells depends on NME1 kinase activity, but not on its exonuclease activity [57] . In an example of apparently negative regulation of Rac1 by NMEs, silencing of NME1 in hepatoma cell line HepG2 increased mean and maximal cell velocity, elevated the level of GTP-bound Rac1, and enhanced formation of filopodia [74] . Also, NME2 was implicated in formation of a complex with thromboxane A2 receptor β (TPβ) involved in the Rac1-mediated endocytosis of a G protein-coupled receptor [75] . It was shown that Rad enhances cell growth in a breast cancer cell line, and that this growth-promoting effect was abolished by the presence of NME1 [76] . The same effect was demonstrated in vivo; mice injected with cells overexpressing Rad developed larger tumors than the control group and the tumor growth-promoting effect was absent when injected cells co-expressed NME1. In Dictyostelium discoideum, NDPK-C was shown to localize to vesicles in prespore cells during multicellular development of this organism [77] . Since the GTPase Rab7 was also enriched in these vesicles, it was hypothesized that NDP kinase could be providing GTP for Rab7. Rab7 was also shown to activate the fusion of early endosomes in a reconstituted system in vitro, and NDP kinase in this case provided the GTP necessary for Rab7 activity [78] .
In addition to its engagement in protein-protein interactions and kinase activities, NME1 also displays the 3′-5′ exonuclease activity known to play an important role during DNA replication and repair [79] . Potential influence of this activity on the mRNA expression patterns was tested by microarray analysis in melanoma cell lines with augmented or reduced levels of NME1 expression [80] . The results point to a transcriptional regulation by NME1 of three proteins that modulate signaling pathways mediated by Ras superfamily GTPases: Lipocalin-2, BRAP (BRCA1-associated protein) and IQGAP2. Interestingly, an inhibitory effect of the NME1 3′-5′ exonuclease activity on the involved Ras and Rho-mediated signaling pathways was indicated for all three proteins.
Although, NMEs are predominantly cytosolic proteins, their interaction with small GTPases is expected to occur at the membrane [81, 82] . Two recent studies analyzed properties related to membrane binding of NME1, NME2, and NME4 isoenzymes [83, 84] . NME1 was not able to bind directly to model membranes, indicating that a partner, possibly a small GTPase, is required for its association with membranes in vivo. On the other hand, NME2 and NME4 both bound efficiently to liposomes, and whereas NME2 binding necessarily involves an anionic phospholipid partner, NME4 can bind either zwitterionic or anionic phospholipids [83] . It was further shown that the membrane binding of NME2 occurs in two steps leading to a local decrease in membrane fluidity and formation of protein patches [84] . It was suggested that this propensity of NME2 to form microdomains might be relevant for specific protein-protein interactions occurring at the plasma cell membrane.
Besides the regulation of Ras GTPases by NME proteins, there are examples where small GTPases are influencing the function of NMEs. As already referred to, ARF6 facilitates recruitment of NME1 to the cell-cell adhesion sites [30] , and might play the role of a non-lipid partner needed for binding of NME1 to the membrane [83] . Also, it was proposed that Rad can enhance the NDP kinase activity of NME1 and reduce its autophosphorylation on histidine residues [11] . Another example is presented in a study of migration and apoptotic engulfment of distal tip cells in C. elegans, where it was shown that the single-worm group I NME homolog NDK-1 is required for both processes and acts downstream of Rac1 and RhoG in this organism [85] .
In conclusion, it is apparent that NME proteins modulate the activity of small GTPases from the Ras superfamily and related signaling pathways in diverse ways. However, many of the proposed mechanisms are still not substantiated or fully resolved. In order to clarify the open questions in the field, a multifaceted approach, including both biochemical and physiological assays is recommended. Specifically, protein interaction studies should be performed using endogenous proteins, and aim at defining the interaction domains. Further, underrepresented fluorescent techniques used to identifying protein-protein interactions in live cells, such as assays based on fluorescence resonance energy transfer and bimolecular fluorescence complementation, should be used to complement protein biochemistry. Fluorescence-based approaches could also provide additional information about the subcellular compartments where the investigated proteins exert their biological functions. These studies should be accompanied by comprehensive characterization of functional interactions between NMEs and small GTPases in model organisms. It should be appreciated, however, that NME's pleiotropic effects and functional redundancies between numerous isoforms, especially in mammals, are hampering mechanistic studies. Therefore, parallel studies in non-mammalian model organisms have a prospect to provide a better insight into interrelatedness between these two groups of proteins.
